ABSTRACT: Neospora caninum is one of the more-efficient transplacentally-transmitted organisms. The goal of the present study was to investigate the pathologic and immunologic changes that occur at the materno-fetal interphase in pregnant BALB/c mice infected with N. caninum at mid-gestation. Parasite DNA was detected in feto-placentary units 3 days post-infection (PI). On day 7 PI, the DNA detection level and parasite burden were significantly higher in the placentas than in the fetuses, which may indicate that the parasite is mainly multiplying in the placenta during the initial infection. In the spleens of infected dams, we observed an increase in IFN-c, IL-10,
Neospora caninum is one of the more-efficient transplacentallytransmitted organisms, and vertical transmission is responsible for the spread of infection from an infected dam to her offspring during pregnancy (Dubey et al., 2006) . The timing of placental and fetal infections during gestation is an important factor in determining the disease outcome in both mice (Long and Baszler, 1996; Quinn et al., 2002; Ló pez-Pérez et al., 2006) and in experimental bovine infections (Williams et al., 2000; Innes et al., 2001) . In a previous study, we observed the successful vertical transmission of N. caninum infection in BALB/c mice during 3 gestation periods. We demonstrated that infection at midgestation had the most severe consequences for the pups when compared to infection in early or late gestation, and leads to the highest rate of vertical transmission, fetal mortality, stillbirth, and a decrease in litter size (Ló pez-Pérez et al., 2006 . Therefore, the aim of this study was to investigate the pathologic and immunologic changes that occur at the materno-fetal interphase in pregnant BALB/c mice infected with N. caninum on day 7 of gestation.
Eight-week-old female BALB/c mice (Harlan Interfauna Ibérica, Barcelona, Spain) were mated for 1 night, and day 0 of gestation was determined by the presence of the vaginal mucoid plug (Ló pez-Pérez et al., 2006 . Pregnant BALB/c mice were infected subcutaneously with 2 3 10 6 Nc-1 tachyzoites on day 7 of gestation. A group of pregnant mice was inoculated with PBS on day 7 of gestation and kept as an uninfected control group. Eight infected dams and 4 control animals were killed, at random, with CO 2 gas at each time point. On day 10 of gestation (3 days PI), the complete feto-placentary unit was collected, while on day 14 of gestation (7 days PI), the fetuses, resorptions, placentas, and maternal spleens were recovered. The fetal mortality (resorptions) was determined on day 14 of gestation on the basis of small fetal size (,3 mm) or a lack of discernible fetal tissue at an implant site containing placenta tissue (Long and Baszler, 1996) . The percent of resorption per dam was calculated as R/ (R + V) 3 100 in every dam, where R is the number of resorbing fetuses and V is the number of viable fetuses per animal (Krishnan et al., 1996) . The feto-placentary units, fetuses, and resorptions were individually processed for PCR analysis. All of the collected placentas were divided in 2 portions: one-half was always assayed using PCR analysis and the other half was processed for either cytokine expression or histological analysis. Finally, the spleens from dams were collected for cytokine expression analysis.
A nested PCR was performed, as previously described, to detect parasite DNA in the tissue samples (Buxton et al., 1998; Ló pez-Pérez et al., 2006) . In nested-PCR-positive samples, the N. caninum load was quantified by real-time PCR (Collantes-Ferná ndez et al., 2002) . Cytokine expression was evaluated by real-time RT-PCR. Total RNA was obtained by the commercial product TRI Reagent (Sigma, St. Louis, Missouri), and synthesis of cDNA was performed with SuperScript II Reverse Transcriptase (Invitrogen, Paisley, United Kingdom). The primer sequences for cDNA amplification of interferon c (IFN-c), interleukin 10 (IL-10), interleukin 4 (IL-4), and b-actin have been previously published (Varona et al., 2005) . The primer sequences for tumor necrosis factor a (TNF-a) gene were as follows: forward ''CTGTAGCC-CACGTCGTAGC'' and reverse ''TTGAGATCCATGCCGTTG'' (R. Varona, pers. comm.) . The relative n-fold changes of each target cytokine expression (2DDCt) were normalized to the endogenous reference (bactin) and related to the control group (Livak and Schmittgen, 2001 ). Routine histological methods were performed on formalin-fixed and paraffin-embedded placenta tissue sections. The analysis was based on the observation of lesions characteristic of, or consistent with, N. caninum infection (Long and Baszler, 1996) . Local immune response and histological analyses were performed only in placentas containing live fetuses because, due to their small fetal size, resorptions were only recovered for parasite DNA detection.
The chi-square and Fisher F tests were used to compare fetal mortality and the rates of parasite detection. The Mann-Whitney U-test was employed to analyze differences in the percent of resorption among infected and uninfected dams. The differences in the parasite burden were analyzed by a non-parametric Kruskal-Wallis test. When statistical differences were found, a Dunn's multiple comparison test was employed to examine all possible pairwise comparisons. The Student's t-test was used to compare the differences in cytokine expression between infected and uninfected dams. All of the statistical analyses were performed using GraphPad Prism v.5.02 software (San Diego, California).
The infected dams showed no body weight changes when compared to the control group (data not shown), and no clinical signs that were compatible with neosporosis were observed. The consequences of infection on the outcome of gestation were evaluated by investigating the fetal mortality in infected animals compared to uninfected dams (Table I) . On day 14 of gestation, resorptions were observed in 6 of 8 infected dams and in 3 of 4 uninfected dams. We found an increase in fetal mortality (P 5 0.671, x 2 5 0.18), and a higher percent of resorption per mouse (P 5 0.255, U 5 6.00, Mann-Whitney U-test), in the infected animals compared to uninfected dams, although no significant differences were found. To analyze the pattern of parasite transmission from dams to fetuses when infection occurred at mid-gestation, the presence of N. caninum DNA (Table II) and parasite load (Fig. 1) were evaluated in the placentas and feto-placentary units or fetuses. Neospora caninum DNA was detected in feto-placentary units at 3 days PI (day 10 of gestation) and in the placentas and fetuses at 7 days PI (day 14 of gestation), with all of the dams showing at least 1 positive placenta. On day 14 of gestation, there was a significantly higher N. caninum detection (P , 0.0001, was detected in feto-placentary units, placentas, or fetuses from control mice.
To investigate if the local immune response differed from the systemic response, and to ascertain whether the infection at mid-gestation was associated with immunological changes at the materno-fetal interphase, we also evaluated cytokine expression in the spleens and placentas on day 14 of gestation ( Fig. 2) . We found a significant increase in IFN-c, IL-10, and IL-4 mRNA expression levels in spleens from the infected dams compared to uninfected animals (P , 0.01-0.0001, t 5 3.81-11.24). In fetal placentas, only IL-4 was modified after infection, and a significant increase in its expression was observed in the infected dams compared to uninfected animals (P , 0.001, t 5 7.32). In addition, we compared cytokine expression in the nested-PCR-positive placentas compared to the negative placentas from infected mice (Fig. 3) . The data show significantly higher TNF-a expression levels in the positive placentas (P 5 0.042, t 5 2.12). Finally, histological examination revealed multifocal areas of necrosis in both maternal and fetal sides of the placenta and minimal non-suppurative infiltrates. Necrosis and inflammatory infiltration were found in 39% (9/23) and 13% (3/23) of placentas, respectively. No lesions were observed in placentas from the control group.
The placenta may play a key role in the pathogenesis of neosporosis; in addition to being the natural barrier through which the parasite must cross to reach the fetus, the placenta can exhibit mechanisms of defense. However, relatively little is known about the role of the placenta during N. caninum infection in mice. Our data have demonstrated the presence of parasites in feto-placentary units as early as 3 days PI (day 10 of gestation). Nevertheless, it is unknown if the parasite reached the maternofetal interphase before day 3 PI because no mice were killed before this time. On day 14 of gestation (7 days PI), N. caninum DNA was detected in both the placentas and the fetuses. We found N. caninum DNA in a higher number of the placentas than in the fetuses, and the parasite burden in the placentas was also significantly higher than in the fetuses. Furthermore, parasite DNA was more-often detected in the placenta compared to the feto-placentary units, where an increase in the parasite load was also observed. In previous reports, in mice infected at late mid-gestation (day 10 of gestation), N. caninum tachyzoites were identified by immunohistochemistry in the placenta and fetus on days 6-8 PI (Long and Baszler, 1996; Rettigner et al., 2004) . In a guinea pig model of Toxoplasma gondii infection, the placental parasite load was also time-dependent, and a higher parasite burden was found in the placenta compared to the fetuses in the early stages of the infection (Flori et al., 2003) . Taken together, these findings may indicate that the parasite is mainly multiplying in the placenta during the initial infection. Although the parasite was detected in very few fetuses (6%) at this stage, the infection of a higher number of fetuses is likely to occur later in gestation because of the high vertical transmission detected previously on days 7 (Ló pez-Pérez et al., 2006) and 60 post-partum (Ló pez-Pérez et al., 2008) .
The maintenance of a healthy pregnancy is associated with the secretion of anti-inflammatory cytokines. We attempted to determine if parasite infection at mid-gestation disrupts the materno-fetal immunological balance. We detected a significant increase in IFN-c, IL-10, and IL-4 mRNA expression in the spleens from infected dams compared to uninfected animals. Previous reports have also described an increase in both Th1 and Th2 cytokine expression in N. caninum infection (Khan et al., 1997; Eperon et al., 1999; Quinn et al., 2004; Kano et al., 2005) . In supernatants from mouse spleen cells stimulated with N. caninum antigen, an increase in IFN-c, IL-12, TNF-a, and IL-10 production was observed (Quinn et al., 2004) , while an increase in IFN-c and IL-4 was detected in the serum (Kano et al., 2005) of pregnant mice. However, a different pattern of cytokine expression was observed in the placenta, where only IL-4 expression was upregulated in placentas from infected dams. IL-4 has been related to disease susceptibility in N. caninum-infected mice (Long et al., 1998; Baszler et al., 1999) and may favor the multiplication of parasites at the materno-fetal interphase (Quinn et al., 2004; Innes et al., 2005) , leading to the high vertical transmission that has been previously observed after infection of dams at mid-gestation (Ló pez-Pérez et al., 2006 . In addition, the increase in IL-4 expression might reduce the harmful effects of an antiparasitic pro-inflammatory immune response, which has been reported to be potentially deleterious for pregnancy maintenance TABLE II. Detection of N. caninum DNA by nested PCR in fetoplacentary units, fetuses, resorptions, and placentas from mice infected on day 7 of gestation with 2 3 10 6 Nc-1 tachyzoites and sacrificed on days 10 (3 days PI) and 14 of gestation (7 days PI). FIGURE 2. The cytokine expression in the spleen and fetal placentas from the infected dams compared to the uninfected animals. b-actin was used as an endogenous reference for each corresponding sample. Each determination was performed in triplicate, and the results of real-time RT-PCR are given by 2DDCt. The 2DDCt value for the control group is zero. The bars represent the mean of cytokine expression and the standard error. The asterisks represent the significant differences between the infected and uninfected dams using the Student's t-test (**: P , 0.01; ***: P , 0.001). ( Raghupathy, 1997) . We found higher TNF-a mRNA levels in the nested-PCR-positive placentas, indicating that this cytokine may be produced in response to infection with N. caninum. TNF-a has been shown to be harmful to the maintenance of pregnancy in mice (Chaouat et al., 1990; Gazzinelli et al., 1996; Raghupathy, 2001) , and given the high permeability of the blood-brain barrier during pregnancy, it may compromise the viability of the developing fetuses by causing brain damage (Michie, 1998) . In addition, placental necrosis, which is likely to exacerbate as gestation progresses, could also be implicated in the high rates of stillbirth and neonatal mortality that have been previously observed (Ló pez-Pérez et al., 2006 as a consequence of an insufficient supply of oxygen-nutrition by the placenta (Buxton et al., 1982) .
A minimal, non-suppurative infiltrate was found in placentas from infected dams containing live fetuses. Previous reports have also demonstrated necrosis with few infiltrating inflammatory cells in placentas from pregnant mice infected on day 10 of gestation (Long et al., 1996) . In N. caninum-infected cattle carrying live fetuses, and in pregnant control cattle, there was no evidence of infection of the placenta and, consequently, no inflammatory response (Maley et al., 2006) . Altogether, these results suggest that the study of the inflammatory response in the placentas containing dead fetuses could more-precisely clarify the pathogenesis of N. caninum in pregnant mice.
In a previous study in cattle, a strong cytokine expression profile was observed in the placentomes of the cattle whose fetuses were killed as a result of infection (Rosbottom et al., 2008) . However, we cannot discard the idea that a strong, type-1 immune response was responsible for the observed fetal resorptions because analysis of the local immune response was performed only in placentas containing live fetuses. Thus, further experiments are required to evaluate the importance of local and systemic immune response in fetal mortality.
In summary, this is the first report that describes the simultaneous analysis of parasite presence and load, the immune response, and the histopathological lesions in the placenta in BALB/c mice infected with N. caninum at mid-gestation.
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